Abstract: There is growing evidence for the dependence of Type Ia supernova (SN Ia) luminosities on their environments. While the impact of this trend on estimating cosmological parameters is widely acknowledged, the origin of this correlation is still under debate. In order to explore this problem, we first construct the YONSEI (YOnsei Nearby Supernova Evolution Investigation) SN catalog. The catalog consists of 1231 spectroscopically confirmed SNe Ia over a wide redshift range (0.01 < z < 1.37) from various SN surveys and includes the light-curve fit data from two independent light-curve fitters of SALT2 and MLCS2k2. For a sample of 674 host galaxies, we use the stellar mass and the star formation rate data in Kim et al. (2018) . We find that SNe Ia in low-mass and star-forming host galaxies are 0.062±0.009 mag and 0.057 ± 0.010 mag fainter than those in high-mass and passive hosts, after light-curve corrections with SALT2 and MLCS2k2, respectively. When only local environments of SNe Ia (e.g., locally star-forming and locally passive) are considered, this luminosity difference increases to 0.081 ± 0.018 mag for SALT2 and 0.072 ± 0.018 mag for MLCS2k2. Considering the significant difference in the mean stellar population age between the two environments, this result suggests that the origin of environmental dependence is most likely the luminosity evolution of SNe Ia with redshift.
INTRODUCTION
Observations of distant Type Ia supernovae (SNe Ia) reveal the accelerating expansion of the universe (Riess et al. 1998; Perlmutter et al. 1999) . The use of SNe Ia as a distance indicator is based on two fundamental ideas. The first idea is that SN Ia luminosities can be empirically standardized (Phillips 1993; Tripp 1998) . This is obtained by empirical light-curve fitters, such as SALT2 (Guy et al. 2007 ) and MLCS2k2 (Jha et al. 2007) , that correct observed "brighter-slower" and the "brighterbluer" relations. From this light-curve standardization, the scatter of SN Ia peak luminosity is reduced from ∼0.3 mag to ∼0.14 mag (Guy et al. 2007; Jha et al. 2007) .
The other fundamental idea is that the standardization does not evolve with redshift or SN environment. This idea was initially supported by small samples of SNe Ia and their host galaxies: no clear dependence of SNe Ia luminosity, after light-curve shape and color or extinction corrections, on their host morphology was shown (Riess et al. 1998; Schmidt et al. 1998 ). However, more recent studies with larger numbers of SNe Ia have revealed ∼2σ trends between the SN corrected luminosity and host galaxy morphology, such that SNe Ia in early-type galaxies are brighter than those in late-type galaxies, both at low-and high-redshift ranges (Hicken et al. 2009b; Suzuki et al. 2012) .
The trends between the corrected luminosity of SNe Ia and host galaxy properties are now intensively investigated, empirically (Gallagher et al. 2008; Kelly et al. 2010; Lampeitl et al. 2010; Sullivan et al. 2010; D'Andrea et al. 2011; Gupta et al. 2011; Childress et al. 2013; Johansson et al. 2013; Pan et al. 2014; Campbell et al. 2016; Wolf et al. 2016 ) and theoretically (Höflich et al. 1998; Timmes et al. 2003; Kasen et al. 2009 ). All these studies conclude that SNe in latetype, star-forming, low-mass, and low-metallicity hosts are ∼0.1 mag fainter than those in early-type, passive, high-mass, and high-metallicity galaxies. Even in recent studies using the "local" environment at the SN explosion site (Rigault et al. 2013 (Rigault et al. , 2015 (Rigault et al. , 2018 Jones et al. 2018b; Kim et al. 2018; Roman et al. 2018) , they also suggest the same result with the similar size of luminosity difference.
Considering the intrinsic scatter of ∼0.14 mag on the SN Ia luminosity after "empirical" light-curve corrections, ∼0.1 mag difference from above host galaxy studies implies that there are "physical" processes of SNe Ia we have not well understood yet, such as the different population of them and/or their explosion mechanisms. It is therefore important to investigate the origin of the environmental dependence of SN Ia luminosities to understand the underlying physics of an SN, which could lead to an SN as a more accurate standard candle. Some studies suggest that this dependence may arise from differing stellar population properties of their progenitor or host galaxy, such as age and metallicity 2 Y.-L. Kim (Timmes et al. 2003; Kasen et al. 2009; Johansson et al. 2013; Childress et al. 2014; Pan et al. 2014; Kang et al. 2016) . However, most of the previous works are limited by the sample size and the redshift range, because they used SNe only found in a specific survey (e.g., SDSS-II SNe survey or SN Legacy survey) and analyzed with one light-curve fitter (especially with SALT2). Therefore, in order to investigate the origin of luminosity difference and the underlying physics in detail, we require combining survey data to increase the sample size. As a part of the YOnsei Nearby SN Evolution Investigation (YONSEI; Kim et al. 2015; Kang et al. 2016 ) project, here we present the YONSEI SN catalog which includes most of the survey data so far to make the sample of 1231 spectroscopically confirmed SNe Ia and 674 host galaxies and has two independent light-curve fitters of SALT2 and MLCS2k2. From this catalog, we show an extended study for the dependence of SN Ia luminosities on the global and local host properties.
CONSTRUCTION OF THE YONSEI SUPERNOVA CATALOG
For the YONSEI project, we have constructed our own SNe Ia catalog. We employed SALT2 and MLCS2k2 light-curve fitters implemented in the SuperNova ANAlysis software (hereafter SNANA; Kessler et al. 2009b) package version 10 34. From this analysis, we have 1231 SNe Ia over the redshift range of 0.01 ≤ z ≤ 1.37, which makes this catalog a superset of all SN Ia surveys adopted in the SNANA package.
Data Sets
SN Ia light-curve data we analyzed are taken from several surveys compiled in the SNANA package except for the Pan-STARRS SN Ia data (hereafter PS, 146 SNe; Rest et al. 2014) . Rest et al. (2014) provides the PS light-curves in the SNANA format, so that we add the PS sample to the SNANA light-curve archive. In SNANA, for the 'LOWZ' SNe Ia (see Table 1 ), we use the JRK07 compilation of SNe collected from Calan/Tololo (29 SNe; Hamuy et al. 1996a,b) , CfA1 (22 SNe; Riess et al. 1999a ), CfA2 (44 SNe; Jha et al. 2006) , and other sources (38 SNe; Jha et al. 2007 ). We also include CfA3 (185 SNe; Hicken et al. 2009a ), CfA4 (94 SNe; Hicken et al. 2012) , CSP DR1/2 (hereafter CSP, 85 SNe; Contreras et al. 2010; Stritzinger et al. 2011) for our LOWZ sample. In addition, the full three years SDSS-II SNe suvery (hereafter SDSS, 500 SNe; Sako et al. 2018) , ESSENCE survey (60 SNe; Miknaitis et al. 2007) , the first three years of Supernova Legacy survey (hereafter SNLS, 281 SNe; Guy et al. 2010) , and HST sample (37 SNe; Riess et al. 2004 Riess et al. , 2007 are used for our intermediate-and high-redshift SN samples. In total, 1521 SNe Ia were collected for our light-curve analysis (see Table 2 ). If there are same SNe from different surveys, we use the SN which has the most observations (see e.g., Rest et al. 2014 ).
Light-Curve Analysis

SALT2 and MLCS2k2 Light-Curve Fitters
Implemented in the SNANA Package SNANA package was originally developed for the analysis of SDSS SNe data, and then adopted to simulate and fit the SN Ia light-curves in different surveys and from different telescopes. This package contains a light-curve simulation, a light-curve fitter, and a cosmology fitter for all types of SNe. The primary goal of the SNANA package is to use SNe Ia as distance indicators for the estimation of cosmological parameters. Furthermore, it can also be employed to study the SN rate for the selection efficiency, estimate the non-Ia contamination, and optimize future SN surveys. In the SNANA package, most of the current SN models and non-Ia models are included. For the YONSEI catalog, we employed the most up-to-date SALT2 (version 2.4 from Betoule et al. (2014) ) and MLCS2k2 (with R V = 2.2) light-curve fitters. We note that for the MLCS2k2, we select a flat prior allowing negative A V values, and R V = 2.2 for the dust reddening parameter, which is the same value as in Kessler et al. (2009a) .
The purpose of the two light-curve fitters of SALT2 and MLCS2k2 is to determine the luminosity distance of SNe Ia. A basic equation to estimate distances from SNe Ia (µ SN ) is parameterized by a linear function of light-curve shape and color or extinction parameters, using the following equation (Tripp 1998) :
where m B is an observed rest-frame peak apparent magnitude in B-band, M B is an absolute magnitude determined from an SN intrinsic luminosity, and α and β are global parameters that characterize the brighter-slower and brighter-bluer relations, respectively. SALT2 and MLCS2k2 fit each observed light-curve for the peak magnitude, the shape parameter (X 1 for SALT2 and ∆ for MLCS2k2), and the color (C for SALT2) or host galaxy extinction value (A V for MLCS2k2), under an implicit assumption that SNe Ia at low-redshift and those at high-redshift are the same for a given shape and color within the observed scatter. However, these fitters have different ways of estimating model parameters from light-curve data, different approaches to training the models, and different assumptions about the treatment of color variations in SNe Ia. Although SALT2 is the most widely used light-curve fitter in the SN community, MLCS2k2 has a novelty in the context of the investigation of the luminosity evolution of SNe Ia. SALT2 is calibrated by using SNe spanning from the low-to the high-redshift range, while MLCS2k2 is calibrated based solely on SNe at low-redshift (see e.g., Guy et al. 2010; Betoule et al. 2014; Jones et al. 2015) . At high redshift, young progenitors might be dominant, while young and old progenitors are expected to be mixed at low redshift. Therefore, in SALT2, the possible luminosity evolution effect is more diluted than that in MLCS2k2. In this respect, MLCS2k2 could be more powerful to reveal the luminosity evolution of SNe Ia. In this paper, which also explores the possible luminosity evolution of SNe Ia, we hence use both fitters and analyze them separately, and then compare the results.
Initial Cut Criteria
The 1521 SN light-curve data we collected were analyzed by SALT2 and MLCS2k2 fitters with the initial cut criteria. The initial criteria are based on 1) the light-curve data quality, 2) the light-curve fit quality, and 3) the redshift, which are similar to the criteria adopted in Betoule et al. (2014) , Rest et al. (2014) , and Sako et al. (2018) . Of the 1521 SNe, 1182 for SALT2 and 1188 for MLCS2k2 pass this requirement. We detail the selection criteria below and the number of cuts in each data set is listed in Table 2 .
Light-curve data quality criteria: 1-1) at least 1 measurement with −20 days < t < +10 days, where t is the rest-frame phase relative to the time of maximum light in B-band. 1-2) at least 1 measurement with +0 days < t < +50 days. 1-3) at least 3 measurements between 20 days < t < +50 days. 1-4) 2 or more filters with signal-to-noise ratio ≥ 3.
Light-curve fit quality and the redshift criteria:
2-1) P f it ≥ 0.01, where P f it is the SNANA lightcurve fit probability based on the χ 2 per degree of freedom. 2-2) Visual inspection for the SN light-curve fit. 3-1) z ≥ 0.01, in order to include SNe Ia in the Hubble flow. Conley et al. (2011) pointed out that the cut using an automated quality of fit based on χ 2 statistics (e.g., P f it ) is often misleading, especially for the LOWZ sample. Many SNe in the LOWZ sample have the occasional outlying measurements which have little or no effect on the light-curve fitting, but derive a large value of χ 2 of the fit. In order to prevent this situation, we therefore have performed a visual inspection, together with the value of P f it , to check the light-curve fit quality.
Bias Correction and Error Analysis
Before we determine the best-fit cosmological parameters from our sample, we should first consider the selection bias and the uncertainties in distance modulus. SN samples from flux-limited surveys are affected by the Malmquist bias (Malmquist 1936) or the selection bias: intrinsically brighter and more slowly declining SNe Ia would less suffer from the selection effect We subtracted this value from all of the rest-frame peak magnitudes in B-band for SALT2 and all of the distance modulus for MLCS2k2 in our sample.
and stay longer above the detection threshold than intrinsically fainter and fast declining SNe, and hence be easier to observe. This leads to creating a false result of increasing luminosity of SNe Ia at a given distance. Consequently, the bias has an effect on the estimating distance, such that the determined SN luminosity distance might be closer than the true value. Therefore, we should correct the Malmquist bias to obtain accurate cosmological parameters. Since the effect of the bias differs from survey to survey, we need to explicitly correct it for our analysis according to each survey. We take correction terms for LOWZ, SDSS, and SNLS samples from those calculated by Betoule et al. (2014) , which has a very similar sample to our catalog. For the PS sample, we take the term from Rest et al. (2014) , and from Wood-Vasey et al. (2007) for the ESSENCE sample. As Strolger et al. (2004) argued that the HST searches are sufficiently deep to suffer from little or no Malmquist bias out to the maximum redshift where SN discovered, we do not perform the bias correction for the HST sample (see also Conley et al. 2011) . We then interpolate the correction value for each SN at a given redshift (Figure 1 ), and this value is subtracted from all of the rest-frame peak magnitudes in the B-band for SALT2 and all of the distance moduli for MLCS2k2 in our catalog. The total uncertainty is generally computed by the propagation of statistical and systematic uncertainties. The systematic uncertainties are associated with the calibration, the light-curve model uncertainty, the host dependency, and so on. In this paper, our purpose is to investigate one of the systematic uncertainties, the host dependency, so here we consider only the statistical uncertainties.
Following Conley et al. (2011) and Betoule et al. (2014) , the (statistical) uncertainty for each SN is propagated in the polynomial form given by
where σ f it is the error on the fitted light-curve parame- ters estimated from SALT2 and MLCS2k2, σ z accounts for the redshift determination uncertainty, σ lens represents the statistical variation of magnitudes caused by the gravitational lensing, and σ int is the intrinsic scatter of SNe Ia to make a reduced χ 2 (χ 2 red ; the χ 2 per degree of freedom) a unity when we determine the best-fit cosmology. Our approximation of the redshift uncertainty follows Equation (5) of Conley et al. (2011) , and the random, uncorrelated scatter due to the lensing follows the suggestion of Jönsson et al. (2010) : σ lens = 0.055 × z. The intrinsic scatter is not included in our analysis, as we are searching this extra scatter through the systematic variation in SN Ia luminosity on the host galaxy properties Gupta et al. 2011; Pan et al. 2014 ).
YONSEI Supernova Catalog and Systematic Tests
After applying the bias correction and the error propagation for the uncertainty, now we have the YONSEI SN Catalog (see Table 3 ). This catalog provides a restframe peak magnitude in B-band or distance modulus, a light-curve shape parameter, and a color or host extinction value for each SN. Because both normal and peculiar SNe Ia are included, we call this catalog as the YONSEI 'All' sample to distinguish from the YON-SEI 'Cosmology' sample which only has normal SNe described in next Section. The redshift distribution of the YONSEI All sample is shown in Figure 2 .
In order to look for the systematic trends for both fitters and SN samples we employed, we analyze the output of the YONSEI SN Catalog. From this analysis, we would provide light-curve fit parameter areas for the study of the SN cosmology (the cosmology cut) and also examine the consistency between fitters as pointed out by previous studies. Figures 3 and 4 , we show the distributions of fitted shape and color or host extinction values of SALT2 and MLCS2k2 as a function of redshift, respectively. At the higher redshift range, both faint and red or highly reddened SNe Ia are not found. However, it is unclear whether this is because of the magnitude-limited surveys or the luminosity evolution of SNe Ia with redshift. We note that since we select the flat prior allowing negative A V values for our MLCS2k2 extinction distribution prior (see Section 2.1), there are many SNe with A V < 0 on the right panel in Figure 4 . However, the negative-A V distribution has little effect on the ∆ distribution (Kessler et al. 2009a) . Considering the SNe Ia at the higher redshift range and the criteria adopted in Betoule et al. (2014) and Hicken et al. (2009b) , here we preliminarily define one of our cosmology cut criteria (see Section 2.4.1). For SALT2, we employ −3 < X 1 < 3 and −0.3 < C < 0.3, and for MLCS2k2 we select −0.4 < ∆ < 0.7 and A V < 0.5. As shown in Figures 3 and 4 , most of SNe at the higher redshift range are included, except highly reddened ones in MLCS2k2.
Light-Curve Shape and Color or Extinction Values as a Function of Redshift In
Comparison between SALT2 and MLCS2k2 Light-Curve Fit Parameters
Next, we compare the light-curve fit parameters between SALT2 and MLCS2k2 to examine the consistency There is a good correlation between each other, as presented by Hicken et al. (2009b) and Sako et al. (2018) . The dashed lines indicate our cosmology cut criteria for both fitters, and many outliers are discarded from these criteria.
with each other. In Figure 5 , SALT2 X 1 is compared to MLCS2k2 ∆ in the upper panel, and SALT2 C is compared to MLCS2k2 A V in the lower panel. There is a good correlation between SALT2 and MLCS2k2 fit parameters, with a scatter and some outliers. X 1 and ∆ are nonlinearly correlated, while C and A V are linearly correlated, as presented by Hicken et al. (2009b) and Sako et al. (2018) . As shape parameters show nonlinearity, ∆ spans a wide range in the vicinity of X 1 = −2 (fast-declining), and the brightest SNe (negative ∆) also have a wide range of X 1 . Our cosmology cut criteria indicated by dashed lines exclude most of SNe in this nonlinear region. We note that there is a zeropoint offset for the color between the fitters, C ≈ −0.1 when A V = 0. Overall, light-curve fit parameters of SALT2 and MLCS2k2 we obtained show a good agreement between the two. 
Distribution of Shape and Color or Extinction Values for SALT2 and MLCS2k2
Finally, we show the distribution of shape and color or host extinction values for SALT2 and MLCS2k2 in Figure 6 to investigate the systematic trends in the YON-SEI All sample. From the definition of the fitters, SNe Ia form a well-defined cluster of points centered on zero in the parameter space (e.g., Campbell et al. 2013) . We expect that peculiar SNe Ia are mostly placed in the scattered region. As shown in the figure, our cosmology cut criteria we employed discard most of the scattered (i.e., peculiar) SNe Ia.
YONSEI Hubble-Lemâitre Diagram
YONSEI Cosmology Sample
In order to estimate the best-fit cosmological parameters, we should consider selecting only well-fitted normal SNe Ia from the YONSEI All sample compiled above. For this (the YONSEI 'Cosmology' sample), we require the cosmology cut criteria.
Following the criteria investigated in the previous section and adopted in Betoule et al. (2014) and Hicken et al. (2009b) , the cuts are based on the 1) the Milky Way extinction, 2) the uncertainty on the time of maximum in B-band (t 0 ), 3) the uncertainty on the light-curve shape parameter, and 4) the fitted shape and color or extinction parameters of each light-curve fitter. We detail the criteria below and the number of cosmology cuts is listed in Table 2 .
Cosmology cut criteria:
3) σ(shape) < 1. 4) −3 < X 1 < 3 and −0.3 < C < 0.3 for SALT2, and −0.4 < ∆ < 0.7 and A V < 0.5 for MLCS2k2.
We then use the JLA likelihood code (Betoule et al. 2014 ) to estimate the best-fit cosmological parameters for the YONSEI Cosmology sample assuming the flat ΛCDM model. The best-fit cosmological parameters obtained for our main cosmology sample were Ω M = 0.30, α = 0.15, β = 3.69, and M B = -19.06 for SALT2, and H 0 = 63 and Ω M = 0.43 for MLCS2k2
1 . During estimating cosmological parameters, we applied Chauvenet's criterion (Taylor 1997) to reject outliers, removing SNe whose probability of obtaining a deviation from a mean is less than 1/(2×sample size), assuming a Gaussian distribution of intrinsic luminosities. For our samples, this corresponds to 3.5σ for SALT2 and 3.4σ for MLCS2k2. This criterion does not significantly depend on the choice of cosmological models, and therefore the same SNe are excluded for all choices. The number of cuts by Chauvenet's criterion is listed in Table 2 . Finally, of the 1182 SNe, 1049 pass the cosmology cut and Chauvenet's requirement for SALT2, and of the 1188 SNe, 821 pass for MLCS2k2.
Hubble-Lemâitre Diagram for the YONSEI Cosmology Sample
From the YONSEI Cosmology sample and best-fit cosmological parameters we obtained above, finally, here we present the YONSEI Hubble-Lemâitre diagram in Figures 7 and 8 for SALT2 and MLCS2k2, respectively. Hubble residuals (HRs ≡ µ SN − µ model (z), where µ model (z) is the predicted distance modulus based on the cosmological model) from the best-fit are also presented in the bottom panel. Table 4 shows the weighted means and rms scatters of the HRs for each data set. The average weighted mean of the YONSEI Cosmology sample is 0.00 ± 0.01 mag, and the average rms scatter is ∼0.19 mag. When we look at the table by data sets, the HST sample has a more negative weighted mean of HRs than other samples. This means that the HST sample is brighter, after light-curve corrections, than samples in other surveys. However, as discussed in Section 2.3.1, it is not clear whether this is due to the selection bias or intrinsic differences in SNe Ia. Because of the larger photometric uncertainties, the HST and ESSENCE samples show larger values in the rms scatter. However, our rms values for both samples are similar to those in previous studies (see the rms values for the high-z sample in Hicken et al. 2009b; Kessler et al. 2009a; Conley et al. 2011; Suzuki et al. 2012 ).
Systematic Tests for Hubble Residuals
We now turn to find out systematic trends in HRs, because these trends, if any, could give an effect on our results described in the following sections. In Figure 9 , we first present a correlation between the HRs obtained from SALT2 and MLCS2k2 fitters. They show a good agreement with a mean offset of 0.02 mag and the correlation coefficient of 0.86. As we show that SALT2 and MLCS2k2 are similarly characterizing the SN Ia lightcurves (see Section 2.3.2), most of the residual scatters might be due to the different methods they used when both fitters are determining the distance modulus. Figure 10 shows HRs as a function of the lightcurve shape parameters for SALT2 and MLCS2k2, respectively. No significant trends are found for both fitters. Outliers (cross marks), which are expected to be peculiar SNe Ia, are appropriately removed by our cosmology cut criteria (dashed lines). We note a peculiar region in the lower panel. In the region of ∆ > 0.7 for MLCS2k2, the residuals have mostly negative values as pointed out by Hicken et al. (2009b) . They discussed that this "dip" is most likely due to 1991-bg like SNe Ia, which are fainter than normal SNe Ia. However, this class of SNe is also well discarded by our cosmology cut criteria. Finally, we plot the HRs versus C and A V for SALT2 and MLCS2k2 in Figure 11 . At first sight, it looks like that there are negative trends between HRs and C or A V for both fitters. Even though the redder (C > 0.3 for SALT2) and highly reddened (A V > 0.5 for MLCS2k2) SNe, which have mostly negative residuals, are removed by our cosmology cut criteria, trends still remain. In order to investigate this, we have plotted the HRs versus C and A V for SALT2 and MLCS2k2 with a sample split by redshift range in Figures 12 and  13 , respectively. As shown in the figures, the negative trends are universal at all samples in the different redshift ranges. However, Hicken et al. (2009b) showed that the cuts on C and A V make this trend have little effect on the SN cosmology. On the other hand, we could consider that this trend would show a hint of the dependence of SN luminosities on host galaxies. For example, hosts which have highly reddened SNe might be related to star-forming environments (young populations), while those with little extinction values are related to passive environments (old populations).
Host Galaxy Data
Host galaxy properties, specifically morphological types, the stellar mass (M stellar ), and global specific star formation rate (sSF R; the star formation rate per unit stellar mass), are also required to explore the environmental dependence of SN Ia luminosities. Morphological types for the LOWZ sample (194 SNe out of 218) are drawn from the NASA Extragalactic Database (NED) 2 and the HyperLeda database (Makarov et al. 2014) 3 , and from the Korea Institute for Advanced Science Value-Added Galaxy Catalog , There is an outlier, 06D2cb in the SNLS sample, for which only one filter is used when MLCS2k2 estimates light-curve fit parameters. The dashed line is for the oneto-one relation.
KIAS-VAGC)
4 and Han et al. (2010) for the SDSS sample (55 out of 392).
Host M stellar and global sSF R are taken from Kim et al. (2018) , which provide the host data for LOWZ, SDSS, and SNLS samples 5 . Briefly, they employ the PÉGASE.2 galaxy spectral evolution code (Fioc & Rocca-Volmerange 1997; Le Borgne & RoccaVolmerange 2002; Le Borgne et al. 2004 ) to determine host galaxy properties, following the method described in detail in Sullivan et al. (2006 Sullivan et al. ( , 2010 . They use a set of 14 exponentially declining star formation histories (SFHs) and foreground dust screens ranging from E(B − V ) = 0 to 0.30 mag in steps of 0.05. Then, they fit the host galaxy data from Smith et al. (2012) and Sako et al. (2018) (for the SDSS sample), and Sullivan et al. (2010) (for the SNLS sample). Host galaxy prop-4 http://astro.kias.re.kr/vagc/dr7/ 5 Since Kim et al. (2018) do not provide the host data for PS, ESSENCE, and HST samples, we do not include those samples in our host analysis. erties for the LOWZ sample are taken from Neill et al. (2009) Tables 3 and 5 , respectively. We note that as mentioned in Sullivan et al. (2010) and Kim et al. (2018) , we also restrict the SNLS sample to z ≤ 0.85, where the SNLS sample has the highest signal-to-noise ratio and the Malmquist corrections are the smallest. Figures 14 and 15 show the distributions of the YONSEI host sample in the host galaxy morphology, M stellar , and sSF R planes. As shown in the figures, SNe Ia prefer to explode in the late-type, star-forming, and more massive (high-mass; log(M stellar ) > 10.0) systems. We note that the fraction of high-mass hosts in the LOWZ sample is much higher than that in other samples (see the blue histogram in the upper panel of Figure 15 ). This is because many SNe in the LOWZ sample were discovered in host-targeted surveys which prefer more luminous and massive galaxies, while the SDSS and SNLS samples were from untargeted rolling surveys without selection biases (see also Neill et al. 2009; Kelly et al. 2010; Sullivan et al. 2010; Pan et al. 2014) . In sSF R, the distributions of each sample (the lower panel of Figure 15 ) are fairly similar, as pointed out by Neill et al. (2009) . We have also investigated the distribution of our host galaxies in the M stellar -sSF R plane in Figure 16 . We see that most of the high-mass host galaxies have a lower value of sSF R, while the low-mass hosts universally show a strong star formation activity, as expected.
Finally, we note that in the following sections, we will investigate the dependence of various SN Ia properties on their host galaxy properties. Therefore, we need to split the host galaxies into several different groups. The first group is split according to their morphology: early-and late-types. In the case of the LOWZ sample, we further split it more specifically as E-S0, S0a-Sc, and Scd/Sd/Irr galaxies, following the scheme presented in Hicken et al. (2009b) . The second group is split into high-and low-mass galaxies by a value of log(M stellar ) = 10.0 (the black vertical line in Figure 16 ; see Sullivan et al. 2010; Childress et al. 2013; Pan et al. 2014) . The final group is split based on the log(sSF R): passive and star-forming environments split at log(sSF R) =−10.4 (the black horizontal line in Figure 16 ; for the similar criteria, see Sullivan et al. 2010; Childress et al. 2013; Rigault et al. 2013 Rigault et al. , 2015 ; . The upper panel shows the distribution of those samples when we divide hosts as early-and late-type galaxies, and the lower panel is only for the LOWZ sample with more specific morphological types. SNe Ia prefer to explode in the late-type galaxies as expected. 
Kim et al. (2018) Method to Infer the Local Environments of Type Ia Supernovae
Recent studies of SN Ia host galaxy have focused on the local environments at the SN explosion site (e.g., Rigault et al. 2013 Rigault et al. , 2015 Rigault et al. , 2018 Jones et al. 2015 Jones et al. , 2018b . However, the local environmental measurements are challenging, and so only SNe at the lowredshift range (z < 0.1) were available for those studies. In order to select a sample over a wider redshift range, Kim et al. (2018) introduced an empirical method to infer the local environments, only based on the global properties of host galaxies, such as M stellar and global sSF R. The main idea is that SNe Ia in locally starforming environments can be selected when their hosts are globally star-forming and low-mass galaxies. For the SNe Ia exploding in globally passive host galaxies, all of them are also in locally passive environments, which is demonstrated by Rigault et al. (2013) . We also apply this method to infer the local environments of our sample and the local sample sizes are also listed in Table 5 . Figure 16 . Distribution of M stellar and sSF R for the YON-SEI host sample. As we expected, most of high-mass galaxies have the lower value of sSF R, while the low-mass galaxies universally show a strong star formation activity. The black horizontal line shows the cut criterion when we split galaxies into star-forming and passive environments at log(sSF R) = −10.4. The black vertical line represents the cut criterion (log(M stellar ) = 10.0) when we split host galaxies into high-and low-mass galaxies. In Figures 17 and 18 , we plot the SN Ia light-curve fit parameters as a function of host global properties for SALT2 and MLCS2k2, respectively. The weighted mean of light-curve fit parameters in different host properties are summarized in Table 6 .
THE DEPENDENCE OF TYPE IA SUPERNOVA LUMINOSITIES ON THE HOST GALAXY PROPERTIES
Supernova Light-Curve Fit Parameters as a Function of Host Galaxy Properties
3.1.1. Light-Curve Shape: X 1 and ∆ We start by examining the trend of SN Ia light-curve shape with host properties in the top panels of Figures 17 and 18. Overall, we recover the trend in previous works (e.g., Filippenko 1989; Hamuy et al. 1995 Hamuy et al. , 1996a Hamuy et al. , 2000 Gallagher et al. 2005; Sullivan et al. 2006; Howell et al. 2009; Neill et al. 2009; Lampeitl et al. 2010; Smith et al. 2012; Childress et al. 2013; Pan et al. 2014) .
First, we see the light-curve shape trend with the host galaxy morphology in the first two panels of the top panels of Figures 17 and 18 . The light-curves of SNe Ia in late-type host galaxies are significantly (>6.0σ) broader and slower declining than those in early-type hosts (see also Table 6 ). The faintest SNe Ia are found in early-type hosts, while the most brightest SNe are found in late-type hosts. When we look at the trend with more specific morphological types of hosts (the 6 We note that in this paper we only present the result values related to the local environmental dependence of SN Ia properties. Figures and more detailed analysis of the local environmental study can be found in Kim et al. (2018) . first panel in the figures), the difference in light-curve shape parameters between SNe in E-S0 and Scd/Sd/Irr hosts is ∼ 55% increased compared to when splitting the sample into early-and late-types. Considering the stellar population age difference between those morphological types, this result indirectly shows that there could be a different population age in the SN progenitors. The light-curve shape parameters as a function of host M stellar and global sSF R can be found in the third and fourth panels of the top panels of Figures 17 and  18 . The figures show that broader and slower declining SNe Ia are more likely to be found in low-mass and globally star-forming hosts at a >6.5σ confidence level (see also Table 6 ). Note that, in low-mass and high sSF R hosts, narrower and faster declining SNe are rarer, while SNe in high-mass and low sSF R have a much wider light-curve shape range. We also see evidence that the light-curve shape parameter is a continuous variable of M stellar and global sSF R, as pointed out by Sullivan et al. (2010) .
Supernova Color and Host Extinction: C and A V
Lower panels of Figures 17 and 18 show the trend of the SN Ia color for SALT2 and the host extinction for MLCS2k2 with host properties, respectively. The situation in interpreting SN Ia color is very complicated, as C is a single parameter that captured both SN intrinsic color and host reddening by dust. Even though several studies discussed on this issue (e.g., Hicken et al. 2009b; Neill et al. 2009; Sullivan et al. 2010; Childress et al. 2013; Pan et al. 2014) , there is no conclusive result yet. For the MLCS2k2 A V , this is the first time in SN host studies to investigate the trend with host M stellar and sSF R. The SN color trend with host properties can be found in the lower panels of Figure 17 . At first, we would expect that SNe Ia in late-type and globally starforming host galaxies are redder, because these galaxies are thought to contain more dust than early-type and globally passive galaxies in general. However, no strong trends are found with host morphological types and global sSF R. On the other hand, we find a mild trend with the host stellar mass. SNe Ia in high-mass hosts show slightly bluer than those in low-mass hosts: the difference in the weighted mean of C is 0.030 ± 0.008 (3.8σ, Table 6 ). We note that the reddest SNe Ia (e.g., C ≥ 0.2) prefer high-mass and globally starforming hosts.
In the lower panels of Figure 18 , we plot the dust extinction value for host galaxies estimated from MLCS2k2 as a function of host properties. As expected, we find that late-type and globally star-forming host galaxies show 0.117±0.032 mag (3.7σ) and 0.035±0.017 mag (2.1σ) higher extinction value than early-type and globally passive hosts, respectively (see Table 6 ). The difference is the largest (0.191 ± 0.045 mag, 4.2σ) when we split the hosts into more specific morphological types. In contrary to SALT2 C, there is no trend with M stellar .
Luminosity Dependence of Type Ia Supernovae on the Properties of Host Galaxies
As we observed in the above section, the trends between light-curve fit parameters and host properties require a correction for the light-curve shape and color or extinction. If the correction perfectly works, we would not be able to observe the dependence of "corrected" luminosity of SNe Ia on the properties of host galaxies. In order to investigate this environmental effect, we plot the corrected luminosity of SNe Ia as a function of host global properties in Figures 19 through 25 . The weighted mean and rms scatter of HRs with host properties for our sample are listed in Table 7 . For this investigation, as we have briefly introduced in Section 2.4.1, we use the definition of the Hubble residual (HR) for the corrected luminosity of SNe Ia. HR is defined as HR ≡ µ SN − µ model (z), so that a negative residual means that the distance determined from the SN is less than the distance derived from the host galaxy redshift, together with the cosmological model. Therefore, in general, we interpret that the brighter SNe, after light-curve corrections, have negative HRs, and vice versa for the fainter SNe. In the calculation of the weighted mean of HRs in each host group, the error of the weighted mean is corrected to ensure a χ 2 red = 1. We have also applied Chauvenet's criterion to reject outliers during this procedure. For our analysis, this criterion corresponds to 2.9σ for SALT2 and 2.8σ for MLCS2k2, on average.
Host Stellar Mass
We start wih a well-establisehd correlation between SN HRs and host M stellar . In Figure 19 , the dependence of SN Ia luminosity on the host M stellar is shown for 
SALT2 (upper panel) and MLCS2k2 (lower panel)
. We find that SNe Ia in the low-mass hosts are fainter than those in the high-mass hosts: the difference in the weighted mean of HRs is 0.057 ± 0.014 mag (4.1σ) for SALT2 and 0.065 ± 0.015 mag (4.3σ) for MLCS2k2 (see Table 7 ). Our findings are quantitatively and qualitatively well consistent with the previous studies (e.g., Kelly et al. 2010; Lampeitl et al. 2010; Sullivan et al. 2010) .
We also investigate the difference in HRs for LOWZ (low-redshift), SDSS (intermediate-redshift), and SNLS (high-redshift) samples separately. In Figures 20 and  21 , the dependence of SN Ia luminosity on the host M stellar split by SN data is shown for SALT2 and MLCS2k2, respectively. Each subsample in the different redshift range follows the trend as we found with the YONSEI sample, and their HR differences are consistent within the ∼1σ level (see Table 8 ). This would indicate that the SN Ia luminosity dependence on the host M stellar is the global phenomenon over the whole redshift range. We note that because the LOWZ sample was discovered in host-targeted surveys which prefer more luminous and massive galaxies, as we pointed out in Section 2.5, there is a large imbalance between the fraction of low-mass and high-mass host galaxies (e.g., 15:85, compared to 31:69 for other samples on average). This may affect the trend in the LOWZ sample.
Finally, we compare the rms scatters for SNe Ia in the high-mass and those in the low-mass samples. SNe in low-mass hosts show ∼5% and ∼16% smaller rms scatter than those in high-mass hosts for SALT2 and MLCS2k2, respectively (see Table 7 ). This result appears to be that SNe Ia in the low-mass hosts are better standard candles than those in the high-mass hosts. 
Host Global Specific Star Formation Rate
We plot the dependence of SN Ia luminosity on the host global sSF R in Figure 22 . We find that SNe Ia in the globally star-forming hosts are 0.049 ± 0.015 mag (3.3σ) and 0.033 ± 0.016 mag (2.1σ) fainter than those in the globally passive hosts for SALT2 and MLCS2k2, respectively (see Table 7 ). Our result is qualitatively consistent with previous results, but the HR differences are reduced (e.g., ∼ 0.100 mag, see Lampeitl et al. 2010; Sullivan et al. 2010; D'Andrea et al. 2011) . We note that the weighted mean of HR for SNe Ia in globally star-forming hosts interestingly shows ∼0.0 mag, which implies that those SNe can be a good anchor for the Hubble-Lemâitre diagram.
In Figures 23 and 24 , the SN Ia luminosity trends with host global sSF R split by SN data are shown for SALT2 and MLCS2k2, respectively. The trends in each subsample in the different redshift range agree well with the trend observed in the YONSEI sample, even though at slightly lower significance (see Table 8 ). As the mean sSF R is known to increase with redshift (e.g., Madau & Dickinson 2014; Driver et al. 2018) , the fraction of glob- ally star-forming hosts in our sample is also increased by ∼10% with redshift. In addition, the overall SN Ia occurrence rate of globally star-forming hosts in the YONSEI sample is ∼2.3 times larger than that of globally passive hosts, and this is qualitatively consistent with the results of Sullivan et al. (2006) and Smith et al. (2012) . The rms scatter of SNe Ia in globally star-forming hosts shows a ∼7% less scatter than those in globally passive hosts for SALT2. However, we see no difference in the rms scatter for the MLCS2k2 global sSF R sample. Previous studies also reached different conclusions for each author. For example, Kelly et al. (2015) , Uddin et al. (2017) , and Kim et al. (2018) supported that SNe Ia in the star-forming sample show a less scatter, while Lampeitl et al. (2010) , Sullivan et al. (2010) , and Jones et al. (2015) found the opposite result. Figure 25 shows the dependence of SN Ia luminosity on the host galaxy morphology for SALT2 (upper panel) and MLCS2k2 (lower panel). We observe no conclusive trends for our LOWZ and intermediate-redshift SDSS samples. More quantitatively, the HR difference is 0.011 ± 0.029 mag and 0.028 ± 0.027 mag on average for SALT2 and MLCS2k2, respectively (see Table 7 ). The results show a greatly reduced difference in HRs compared to the previous results, which found the HR difference of 0.144 ± 0.070 mag for the low-redshift sample (z < 0.1; Hicken et al. 2009b ) and 0.180 ± 0.090 mag for the high-redshift sample (z > 0.9; Suzuki et al. 2012) . We also find that SNe Ia in Scd/Sd/Irr hosts have the lowest rms scatter (∼0.084 mag, see Table 7 ), which is consistent with the result of Hicken et al. (2009b) . These SNe show a 46% and 74% smaller rms scatter than those in E-S0 hosts for SALT2 and MLCS2k2, respectively. This may imply that SNe Ia exploded in Scd/Sd/Irr hosts would provide more robust results in estimating cosmological parameters.
Host Morphology
Y.-L. Kim
Comparison with Previous Studies
In this section, we summarize our findings of the difference in SN Ia HRs in different host galaxy properties and compare them with the results reported in previous studies. We present a summary of our findings and previous results in Table 9 and Figure 26 . We note that we compare our results only with those which used corrections for both the light-curve shape and SN color or host extinction (e.g, after 2007, when Guy et al. 2007 and Jha et al. 2007 released SALT2 and MLCS2k2 fitters, respectively).
We first compare our result with previous studies with respect to host M stellar . As shown in the table, there are many studies with a variety of samples over a large redshift range. They found that SNe Ia in high-mass hosts appear brighter than those in lowmass hosts, after light-curve corrections with several light-curve fitters. The size of HR difference is 0.08 mag on average and the transition mass is around 10 10 M ⊙ . Our result indeed is fully consistent with previous studies within the ∼1σ level.
Several points in the table for the mass comparison are worth noting here. The first is that some of the recent studies tried to include photometrically classified SNe Ia in their sample (e.g., Campbell et al. 2016; Uddin et al. 2017; Jones et al. 2018a) . With this inclusion, their sample size is ∼2 times larger than other studies. The error of the HRs, however, is not small as much as expected from the sample size, because of the contamination from other types of SNe. The second one of note regards the light-curve fitting method for the results of Jones et al. (2018a) and Scolnic et al. (2018) . They employed the same equation for the SALT2 SN distance modulus as we used (see Equation 1), but they included two extra terms: ∆ M for the host mass dependence correction and ∆ B for the simulated selection bias correction (see Equation 3 ). Interestingly, even though they considered the HR difference among different host masses prior to estimating the distance modulus of SNe, the dependence of SN Ia luminosity on the host mass is still observed at ∼5.2σ level. The last note is that Scolnic et al. (2014) found no trend between HRs and host stellar mass. However, the interesting point is that with a ∼10 times larger sample which includes Scolnic et al. (2014) data, the trend is recovered in .
We now turn to the results of host global sSF R. Our result is consistent with previous studies in the sense that SNe Ia in passive hosts are brighter than those in star-forming hosts. The size of HR difference is 0.06 mag on average. However, the size of difference is smaller and shows statistically less significant than the result split by host M stellar .
Assuming that host M stellar and sSF R are closely related to the galaxy morphology, we expect from above that brighter SNe Ia would be exploded in the earlytype host galaxies. However, we find no HR difference between SNe Ia in early-type hosts and those in late-type hosts, while previous studies found at ∼2σ level. This may be because our LOWZ sample, which is dominant in the host morphology study (∼80%), is drawn from a host-targeted survey, as pointed out in Section 2.5. It leads to that most of the hosts in the LOWZ sample are in the high-mass region (see the second panels of Figures 20 and 21) , thus there would be no HR difference between SNe in early-type hosts and 
Relative Number
Passive Star-forming Figure 22 . Same as Figure 19 , but for global sSF R of host galaxies. We find that SNe Ia in the globally star-forming hosts are ∼0.04 mag fainter than those in the globally passive hosts. The vertical dotted line (log(sSF R) = −10.4) indicates the limit distinguishing between passive and starforming host galaxies for our sample. The histogram on the right panel shows the HR distribution of SNe Ia in passive and star-forming hosts.
those in late-type hosts. Finally, we look at the trends with local environments of SNe Ia. Our finding which includes a sample at high-redshift range shows a good agreement with previous results. They concluded that SNe Ia occurring locally passive and redder in local U − V color are brighter than those in locally star-forming and bluer color environments, except the results of Jones et al. (2015) 7 . The size of HR difference is ∼0.1 mag, which is a larger difference than when using host global properties. As the local environment is more directly linked to the SN progenitor, the results strongly suggest that there are different populations in SN Ia progenitor.
From this comparison, we conclude that our results are consistent with the results reported by many previous studies. However, our findings are an independent confirmation based on the spectroscopically confirmed SNe Ia from a combined sample of LOWZ, SDSS, and SNLS data, together with two different light-curve fitters. 
ESTIMATING COSMOLOGICAL PARAMETERS FROM SNE IA IN DIFFERENT ENVIRONMENTS
We observed in the previous section that the luminosity of SNe Ia varies with their host properties. This would imply that using a whole sample of SNe Ia together without considering host environments can cause a bias in estimating cosmological parameters; for example, a ∼10% shift in w and a 3.3% correction for H 0 (Lampeitl et al. 2010; Sullivan et al. 2010 Sullivan et al. , 2011 Rigault et al. 2013 Rigault et al. , 2015 Campbell et al. 2016; Uddin et al. 2017) . In order to investigate this bias in the YONSEI Cosmology sample, here we split the SN Ia sample according to the host environments as following the previous section (e.g., see Table 7 ), and then estimate cosmological parameters separately. We use the same JLA likelihood code as we described in Section 2.4.1 to estimate the best-fit cosmological parameters from SALT2 SNe Ia alone. For our baseline cosmology, we assume the flat ΛCDM model. One difference from the Section 2.4.1 is that here we simultaneously calculate σ int , instead of setting σ int = 0. As σ int is the uncertainty that makes a χ Y.-L. Kim Kelly et al. (2010) CfA 62 unity, this uncertainty is required when we determine the 'best-fit' cosmological parameters. The best-fit parameters estimated from the YONSEI Cosmology sample in different environments are listed in Table 10 .
The table shows that shifts in Ω M and α are negligible, as pointed out by Sullivan et al. (2011) and Uddin et al. (2017) . However, in β, we can see the significant shift, except when splitting the sample based on host M stellar . The value of β in passive environments is lower than that in star-forming environments. This trend is also observed in Lampeitl et al. (2010) with the SDSS sample and Sullivan et al. (2010) with the SNLS sample. Figure 25 . Same as Figure 19 , but for the host galaxy morphology. We observe no conclusive trend.
In terms of σ int (Table 10 ) and rms scatter of HRs (Table 7) , SNe Ia in low-mass and star-forming environments provide more robust results when estimating cosmological parameters. For example, SNe in locally star-forming environments have a ∼18% smaller rms scatter, and also require a ∼15% smaller intrinsic scatter than those in the full YONSEI Cosmology sample. From this, we can consider that SNe Ia in low-mass and star-forming environments would have similar progenitor ages that represent the most homogeneous sample (see also Childress et al. 2014; Kelly et al. 2015; Kim et al. 2018) .
From the results described in this section, we conclude that cosmological parameters seem to be biased when we do not consider the SN Ia environments. As more SNe Ia surveys are coming with a much larger sample than ever, it would be expected that we start Rigault2018 Roman2018 Figure 26 . Comparison of HR differences between previous studies. We find that our results are consistent with the results reported by many previous studies. See Table 9 for more information about each study.
to see an obvious difference in cosmological parameters estimated from SNe Ia (Uddin et al. 2017) . This means that we may need a host-related-correction (see e.g., Sullivan et al. 2011; Suzuki et al. 2012; Scolnic et al. 2018) . However, investigating the origin of the environmental dependence of SN Ia luminosity should be preceded, which leads us to a more accurate cosmology.
DISCUSSION
The purpose of this paper is to investigate the dependence of SNe Ia luminosity on global and local properties of host galaxies, explore the origin of the dependence, and predict the impact of the luminosity dependence on the SN cosmology. For this, we have constructed an independent SN Ia catalog, which has 1231 spectroscopically confirmed SNe Ia and 674 host galaxy data over the redshift range of 0.01 < z < 1.37 and includes two independent light-curve fitters of SALT2 and MLCS2k2. From this catalog, we find that SNe Ia in low-mass and star-forming environments are 0.062 ± 0.009 mag and 0.057 ± 0.010 mag fainter than those in high-mass and passive environments, after "empirical" light-curve corrections with SALT2 and MLCS2k2, respectively (see Table 7 for our main results). When only local environments of SNe Ia are considered, the luminosity difference increases to 0.081 ± 0.018 mag for SALT2 and 0.072 ± 0.018 mag for MLCS2k2. Our finding is consistent with previous studies (see Table 9 ). However, our result is an independent confirmation based on a combined sample of SNe Ia from LOWZ, SDSS, and SNLS surveys (0.1 < z ≤ 0.85), by using two different light-curve fitters of SALT2 and MLCS2k2.
5.1. On the Origin of the Environmental Dependence of SN Ia Luminosity As shown in Section 4, the luminosity dependence would impact on estimating cosmological parameters. It is therefore important to investigate the origin of the dependence in order to use an SN Ia as a more accurate standard candle.
These remaining trends, after "empirical" lightcurve corrections, would indicate that 1) there are intrinsic "physical" processes that we do not understand yet, or 2) we simply require a "third parameter" when we analyze SN Ia light-curves. The latter case was intensively performed by Scolnic et al. (2018) . Scolnic et al. (2018) analyzed the SN light-curves using a modified version of SALT2. As we briefly described in Section 3.2.4, they included two extra terms in their SALT2 analysis: ∆ M and ∆ B , such that
where ∆ M is a distance correction based on the observed trend between SN Ia luminosity and host mass, and ∆ B is another distance correction based on the predicted bias estimated from SN survey simulations (Kessler & Scolnic 2017) . Furthermore, they considered distance biases due to intrinsic scatter, introduced by Scolnic & Kessler (2016) . However, after these all extra corrections, they still observed the HR difference of 0.053 ± 0.009 mag (5.9σ, see Table 9 ). They argued that when they do not include these additional corrections the size of HR difference increases to 0.071 ± 0.010 mag (7.1σ). This result would indicate that the correction with various functional forms is not appropriate to capture the remaining trends in SN Ia luminosity and host galaxy properties. Instead of that, we require the understanding of detailed physics of SNe Ia.
Since the host M stellar and sSF R cannot directly affect the SN luminosity, the theoretical studies suggested that the leading candidates for the observed trends are the progenitor age and the progenitor metallicity (Timmes et al. 2003; Kasen et al. 2009 ). Both are empirically known to correlate with the host M stellar and sSF R (e.g., Tremonti et al. 2004; Gallazzi et al. 2005; Kang et al. 2016) .
In order to explore these issues more directly, there are several studies to deal with the host galaxy age and (gas-phase or stellar) metallicity (e.g., Neill et al. 2009; Sullivan et al. 2010; Gupta et al. 2011; Johansson et al. 2013; Pan et al. 2014; Campbell et al. 2016; Wolf et al. 2016) . Most of the studies used the SED fitting technique or emission lines. However, the limitations of those methods, such as the age-metallicity degeneracy and attenuation by dust, are well-known (see Worthey et al. 1994; Walcher et al. 2011 ). In order to overcome these limitations, Balmer absorption lines have been widely used in estimating the age and the metallicity of early-type galaxies during the last two decades (Faber et al. 1992; Worthey et al. 1994; Worthey 1998; Trager et al. 2000; Thomas et al. 2005; Kuntschner et al. 2006; Graves et al. 2007 Graves et al. , 2009 Conroy & Gunn 2010) . In the recent study of Kang et al. (2016) , they employed Balmer absorption lines to determine more reliable population ages and metallicities for 27 early-type host galaxies. From high signal-to-noise observed spectra (≥100 per pixel), they suggested that the stellar population age is mainly responsible for the relation between SN Ia luminosities and host properties at the ∼3.9σ level. Even though more data are required to further confirm this result, this kind of study would provide the direct evidence for the origin of the environmental dependence and the evolution of SN Ia luminosity.
Furthermore, we would suggest another indirect approach to explore the origin of the environmental dependence of SN Ia luminosities in the context of a galaxy. Our results and many previous studies showed that SN Ia luminosity is changed at log(M stellar ) = 10 (Section 3.2), and also as mentioned in Section 2.5.1, Kim et al. (2018) method to infer the local environments from the global host properties requires this mass scale. The mass scale of 10 10 M ⊙ takes on a unique position in galaxy studies. Numerous observational studies found that a transition in the assembly histories of galaxies for both early-and late-types and a transition of galaxy morphology occur near this mass scale (e.g., Kauffmann et al. 2003; Balcells et al. 2007; Hopkins et al. 2009; Cappellari et al. 2013; Bernardi et al. 2014) . In addition, several recent simulations predicted another transition between the SN feedback and the AGN feedback at near this mass (e.g., Crain et al. 2015; Bower et al. 2017; Taylor et al. 2017) , and those studies are explored by observations (Martín-Navarro & Mezcua 2018) . Taken all these studies together, the origin of the luminosity difference in SNe Ia might be related to the suggested transitions. As the average mass, metallicity, and the population age of host galaxies change with these transitions, the SN progenitor properties and environments would also change as well. This, in turn, affects the SN explosion mechanism, and therefore leads to the SN Ia luminosity difference.
Luminosity Evolution of SNe Ia?
Since the discovery of the accelerating universe, there have been many studies concerning the luminosity evolution of SNe Ia in various ways. At earlier works, most of them used photometric information, such as the host morphology (Riess et al. 1998; Schmidt et al. 1998 ) and the SN rise time (Riess et al. 1999b) . As more and more SN Ia spectroscopic data became available, recent studies compared average spectra at high-redshift with those at low-redshift (Bronder et al. 2008; Foley et al. 2008; Balland et al. 2009; Sullivan et al. 2009 ). On the theoretical aspects, there are several SN explosion models to study the evolution effects (Höflich et al. 1998; Timmes et al. 2003; Kasen et al. 2009 ). Interestingly, most of these studies suggested that the size of luminosity evolution effect is ∼0.2 mag.
In this paper, we suggested that the stellar population age of host galaxies might be the origin of the environmental dependence of SN Ia luminosity. As the mean population age of host galaxies is known to evolve with redshift, the mean luminosity of SNe Ia also would change with redshift. In order to investigate this, we split the YONSEI Cosmology sample into several redshift bins, and calculate the weighted-mean of HRs in each bin. Figure 27 shows the evolution of the mean SNe Ia luminosity with respect to the redshift. We can see a hint of some luminosity evolution even after the standard light-curve corrections and the size of it is <0.1 mag, which is a smaller value than that suggested in previous theoretical studies (see above paragraph). This is because the light-curve corrections could dilute the luminosity evolution, as the model of light-curve corrections takes an average SN Ia at an average redshift (see Guy et al. 2007) . To examine this, we also plot the mean SN Ia luminosity without the light-curve corrections with SALT2 and MLCS2k2 in Figure 27 . The size of the luminosity evolution without the light-curve corrections is larger than that with the light-curve corrections: ∼0.4 mag for the SALT2 sample and ∼0.2 mag for the MLCS2k2 sample. Interestingly, a trend of the luminosity evolution is similar until the intermediateredshift range, while at the high-redshift range only the sample without the SALT2 light-curve correction shows a different trend. Further data, especially at the highredshift range, are required to confirm the luminosity A hint of the luminosity evolution is observed, but further data are required to confirm the luminosity evolution.
evolution of SNe Ia in detail. In order to investigate the impact of the luminosity evolution of SNe Ia on the cosmological inference, several studies predicted the best-fit cosmological models taking into account a term for the luminosity evolution (e.g., Drell et al. 2000; Linden et al. 2009; Tutusaus et al. 2017 Tutusaus et al. , 2018 . The latest study of Tutusaus et al. (2018) concluded that a non-accelerated universe was able to correctly fit all the main probes if SN Ia luminosity evolution is allowed. Riess et al. (1999b) mentioned that an unexpected luminosity evolution would be sufficient to nullify the cosmological conclusions. Therefore, in order to confirm whether the luminosity evolution of SNe Ia is important or not, we require more SN data at z > 1 (see Figure 27) , where the effect of dark energy and the luminosity evolution is distinguishable.
